Pre-mRNA processing factor 3 (PRPF3) is a spliceosomal component essential for pre-mRNA processing. Mutations in PRPF3 have been implicated in retinitis pigmentosa (RP) 18 through an unknown mechanism. The authors created and characterized Prpf3 knockout mice and zebrafish to determine whether RP18 is a result of haploinsufficiency. METHODS. Mice were produced from a Prpf3 gene trap cell line, and parameters of retinal function, structure, and RNA splicing were analyzed. The retinas of prpf3 insertional mutant zebrafish were also analyzed histologically. RESULTS. Homozygous Prpf3 knockout mice do not survive to 14 days postfertilization (dpf), implying that this allele is required for early embryonic development. Homozygous Prpf3 knockout zebrafish die by 4dpf, well beyond the mid-blastula transition at which transcription activates. Zebrafish knockout embryos reveal abnormally high levels of cell death in the developing eye. Heterozygous Prpf3 knockout mice have less than the expected 50% reduction in Prpf3 at the mRNA and protein levels, implying compensatory expression from the wild-type allele. The heterozygous mice develop normally, with no changes in retinal function, no evidence for photoreceptor degeneration at up to 23 months of age, and no decrease in pre-mRNA splicing of transcripts mutated in other forms of RP in the retina. Similarly, heterozygous prpf3 knockout zebrafish develop normally and show no retinal degeneration up to 12 months of age. CONCLUSIONS. These models suggest that RP18 is not a result of haploinsufficiency but instead arises from a toxic gain of function caused by missense mutations in PRPF3. (Invest Ophthalmol Vis Sci. 2008;49:3830 -3838) DOI:10.1167/iovs.07-1483 A ubiquitous process in eukaryotic cells, pre-mRNA splicing is an essential step in gene expression. It takes place in a large ribonucleoprotein complex called the spliceosome, which, in addition to the pre-mRNA substrate, is composed of five small nuclear ribonucleoprotein complexes (snRNPs), U1, U2, U4/U6, and U5, and a host of non-snRNP accessory proteins (for reviews, see Krämer 1 and Krainer 2 ). Pre-mRNA processing factor 3 (PRPF3) protein is associated with the U4/U6 snRNP complex and is necessary for the integrity of the U4/U6/U5 tri-snRNP complex, without which splicing cannot occur. 3, 4 The exact function of the PRPF3 protein is unknown, but several domains and interacting partners have been identified, including a direct interaction with the U4/U6 snRNP 5 and other spliceosomal proteins, among them PRPF4, cyclophilin H, hPRP6, and hSNU66.
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In recent years, two missense mutations in the highly conserved C terminus of PRPF3 and mutations in three other spliceosomal proteins have been implicated in autosomal dominant retinitis pigmentosa (adRP). 10 The other three retinitis pigmentosa (RP) genes encode PRPF8 and PRPF31, which are mutated in RP13 and RP11, respectively, and Pim-1-associated protein (PAP-1), which is mutated in RP9. 10 -14 Affecting approximately 1 in every 3000 people worldwide, RP is the most common inherited form of blindness. 15, 16 RP patients experience progressive night blindness because of the loss of rod photoreceptor cells of the retina, followed by loss of peripheral vision and eventual blindness resulting from secondary degeneration of cones later in life. 17 RP is genetically heterogeneous and can be inherited by autosomal dominant (adRP), autosomal recessive (arRP), or X-linked (xlRP) transmission. 16 Despite this heterogeneity, most of the genes implicated in RP are expressed specifically in photoreceptor cells and encode proteins involved in the phototransduction cascade, photoreceptor structure, or other components of known visual pathways. 18 In all, mutations in 36 different genes have been shown to cause RP, 19 but the mechanisms by which defects in these genes lead to photoreceptor death are not understood. 18 The discovery that 4 of the 14 known forms of dominant RP are caused by mutations in splicing factors suggests a novel and unexpected pathway to retinal degeneration. However, it is unclear how mutations in these ubiquitously expressed splicing factors lead to retina-specific disease. This question is of particular importance because, as a group, the RNA splicing factor forms of RP are the second most common cause of RP; the first is RP caused by mutations in rhodopsin. 20 Several mechanisms may explain the specificity of the disease caused by the identified mutations in RNA splicing factors. Splicing factor RP could result from haploinsufficiency of functional splicing factors. The lack of a phenotype outside the eye could be attributed to the fact that photoreceptors are highly biosynthetically active, terminally differentiated cells that have a constant need to produce protein because of the shedding and replacement of outer segment discs. 21, 22 Haploinsufficiency of splicing factors could therefore be particularly detrimental to photoreceptors, whereas other tissues and cell types function adequately with one working allele. A second hypoth-esis is that mutations in RP-related splicing factors disrupt the splicing of one or more retina-specific RNA species. This may occur through interaction of the RP splicing factors with as yet unidentified retina-specific splicing cofactors. The third hypothesis considers the possibility that the mutations confer a gain of function in the mutant splicing factors that is toxic in photoreceptors (for a review, see Mordes et al. 23 ). Most of what is known about PRPF3 and related splicing factors is derived from studies in yeast or in cell culture. Here we describe the development and characterization of Prpf3 knockout mice and the characterization of prpf3 insertional mutant zebrafish. 24 With the use of these two models, we determined that decreased levels of Prpf3 do not cause differences in the structure or function of mouse or zebrafish retina, whereas the absence of Prpf3 results in embryonic lethality in both animals.
MATERIALS AND METHODS

Animals
This research was performed under the guidelines of and were approved by the Institutional Animal Care and Use Committee of the University of Pennsylvania (Philadelphia, PA) and conforms to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. Wild-type C57BL/6J mice were obtained from Jackson Laboratories (Bar Harbor, ME).
Embryonic Stem Cell Culture
The gene trap mouse embryonic stem cell line RRO284 was obtained from BayGenomics (http://baygenomics.ucsf.edu/). On receipt, cells were thawed and cultured in embryonic stem cell medium (Dulbecco modified Eagle medium [DMEM; Gibco, Grand Island, NY]) with 15% fetal bovine serum (Hyclone, Logan, UT), 1% nonessential amino acids (Gibco), 0.1 mM ␤-mercaptoethanol (Sigma, St. Louis, MO), and 1250 U/mL leukemia inhibitory factor (Chemicon, Temecula, CA) on a primary mouse embryo fibroblast monolayer (Chemicon). G418-resistant clones were isolated and expanded for injection into blastocysts to produce chimeric mice. 25 
Production of Chimeric Mice
To produce chimeric mice, RRO284 embryonic stem cells were microinjected into C57Bl/6 blastocysts at the Chimeric and Transgenic Mouse Core Facility at the University of Pennsylvania School of Medicine. Highly chimeric founder mice were crossed with C57Bl/6 mice to generate heterozygous Prpf3 ϩ/Ϫ gene trap mice. Sibling crosses were performed to try to obtain homozygous Prpf3 Ϫ/Ϫ mice.
Genotyping of Mice
Genotyping of the Prpf3 mice was performed by Southern blotting and PCR. Southern blot analysis was also used to confirm the location of the gene trap allele and to screen for homozygous embryos. A number of probes were used for Southern blot analysis. Probe 1 was a 359-bp probe amplified from genomic DNA 5Ј to the predicted location of the gene trap cassette in the Prpf3 gene using the following primers: forward, EAP1590 5Ј CAG GGG CTG AAG TTT GTG AGG TGA GTA G 3Ј; reverse, EAP1768 5Ј GAA CGC TGT CTT CTG AAT GAG CAG G 3Ј. Probe 2 measured 328 bp and was amplified toward the 3Ј end of the same BamHI fragment using the following primers: forward, EAP2572 5Ј TTT TAA TCT CTT GTC TTA TAG 3Ј; reverse, EAP2573 5Ј AAG TTA GTA ATA TTC AAG TAA AT 3Ј. Probe 3 detects the next BamHI fragment in the Prpf3 gene and was amplified using (forward) EAP2574 5Ј GCT CAA TTG GAG AAG CTG CAA GCA 3Ј and (reverse) EAP2575 5Ј GCA AGA TAA AAT AAG CCC TGG GTT CAT 3Ј to yield a 398-bp probe. Probe 4 was against exon 16 in the last BamHI fragment in the Prpf3 gene using primers (forward) EAP2681 5Ј CCG GAG CTT TGG AGA GAT GAA GTT TA 3Ј and (reverse) EAP2682 5Ј CTT TAA TCA TAT GCA CAT ACA GGA TGG A 3Ј to yield a 320-bp probe. DNA from tail biopsy specimens or embryos was purified and digested with BamHI and processed for Southern blot analysis with radiolabeled probes, as described. 26 For genotyping of mice by PCR, forward and reverse primers specific to the gene trap cassette were designed to amplify a 674-bp product to determine the presence or absence of the gene trap allele. The primers were (forward) EAP1668 5Ј TCT ACT GCC CTT GGG ATC CTA CCG TTC 3Ј and (reverse) EAP1669 5Ј TGC CAG TTT GAG GGG ACG ACG ACA GTA TC 3Ј.
Northern Blotting
Four or more retinas of 4-week-old mice of each genotype were pooled and processed for Northern blotting using reagent (Trizol; Invitrogen, Carlsbad, CA). Total RNA (15-20 g ) was loaded per lane on a denaturing 0.8% agarose gel, transferred overnight to a nylon membrane (Schleicher & Schuell, Dassel, Germany), cross-linked, and stored or hybridized according to standard protocols. 27 A 652-bp radiolabeled probe against the mouse Prpf3 transcript was amplified from cDNA using primers (forward) EAP1798 5Ј CAG ATG ATG GAA GCA GCA ACA CGA C 3Ј and (reverse) EAP1799 5Ј TTC TAG CAG CTT GTG AAA TCT CT 3Ј. This probe spans exons 5 to 8 of the Prpf3 transcript. To assess total RNA per lane, a probe against the housekeeping gene acidic ribosomal phosphoprotein P0 (36B4) was used. 28 Probes were hybridized to membranes overnight at 65°C, washed, and exposed to phosphor screens for detection. Phosphor screens were scanned with a phosphor imager and were quantified with appropriate software (ImageQuant 5.2; Molecular Dynamics, Sunnyvale, CA). Blots were stripped and reprobed several times.
Western Blotting
Retinas were solubilized by sonication in LDS sample buffer (Invitrogen), and 100 g reduced protein was separated in each lane of a 3% to 8% Tris-acetate polyacrylamide gel (NuPage; Invitrogen). Proteins were transferred electrophoretically to polyvinylidene difluoride (PVDF) membrane (Invitrogen) and were blocked in 10% nonfat dry milk solution for 1 hour at room temperature. Primary antibodies against Prpf3 protein were a generous gift from James Hu. 8 Alkaline phosphatase-conjugated ant-rabbit secondary antibodies (Vector Laboratories, Burlingame, CA) were used in conjunction with ECF reagent (Amersham Pharmacia Biotech, Uppsala, Sweden), blots were scanned with a phosphor imager (Storm), and band intensities were quantified (ImageQuant 5.2; Molecular Dynamics).
Electroretinographic Analysis
Electroretinography was performed as previously described. 29 Briefly, full-field electroretinograms were recorded in a ganzfeld on darkadapted, anesthetized mice taking care to maintain 37°C body temperature at all times. Pupils were dilated with 1% tropicamide. Retinal responses were detected with platinum electrodes embedded in contact lenses contacting the cornea and were recorded using custom software.
Light and Electron Microscopy
Preparation of retinas for light and electron microscopy was performed as previously described. 30 For histologic analysis of the retina and other tissues, animals were killed and perfused with 4% paraformaldehyde in phosphate-buffered saline (PBS; Electron Microscopy Sciences). Eyes were enucleated and, after removal of the cornea and lens, were fixed for an additional 2 to 3 hours at 4°C. Tissue was then transferred to 30% sucrose solution in PBS, incubated overnight at 4°C, and embedded and frozen in OCT (Triangle Biomedical Sciences) for cryosectioning. Ten-micrometerthick sections were cut, mounted onto slides (Superfrost Plus; Fisher Scientific, Pittsburgh, PA), and stained with alkaline toluidine blue for light microscopy. For electron microscopy, perfused eyecups were transferred to 2% paraformaldehyde ϩ 2% glutaraldehyde in 0.2 M sodium cacodylate buffer (pH 7.4) for 4 hours and then cut into 2-mm pieces. These were postfixed in 1% OsO 4 and were stained with 1% uranyl acetate, dehy-
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Prpf3 Knockout Mice and Zebrafish 3831 drated, and embedded (EMbed812; Electron Microscopy Sciences). Onemicrometer-thick sections were then cut and stained with alkaline toluidine blue for light microscopy, and 60-to 80-nM ultrathin sections were stained with lead citrate/uranyl acetate and examined using a transmission electron microscope (FEI Tecnai).
Zebrafish Maintenance and Breeding
Maintenance of the zebrafish colony is described in detail elsewhere. 31, 32 Heterozygous prpf3 hi2791Tg were obtained from Nancy Hopkins 24 and were outcrossed onto the Tupfel long-fin wild-type strain. Fish identified as heterozygous (prpf3 ϩ/Ϫ ) for the mutation by PCR assay were intercrossed to produce homozygous (prpf3 Ϫ/Ϫ ) zebrafish. Mutant fish were identified by multiplex PCR assay of DNA from tailfin biopsy using the following primers: EAP1961, 5Ј GGG TGC AGT GAA GTC CAG ATA C 3Ј; EAP1962, 5Ј CGT TGC AAA CCA ACT GAA TCC C 3Ј; EAP1963, 5Ј GTT CCT TGG GAG GGT CTC CTC 3Ј. Embryos were grown in 10-cm dishes in E3 media supplemented with 0.6 M methylene blue (Fisher Scientific) at 28.5°C. Embryos or adult zebrafish of various ages were fixed and processed for light microscopy or histochemistry, as described. The zebrafish prpf3 Northern probe was amplified from zebrafish cDNA using the following primers: EAP2350, 5Ј TTC GGC AAG CAG TTT CGT TGA GCG TCT GTT 3Ј; EAP2351, 5Ј CAC CCC CTG CTT GGT TCA TAG ATC GTG GAG 3Ј. Figure  1E -I. The presence of the gene trap cassette in heterozygous mice (Prpf3 ϩ/Ϫ ) was tracked by PCR assay (Fig. 1E) , which correlated perfectly with the results of the Southern analyses.
RESULTS
Generation of Prpf3 Knockout Mice
Expression of Prpf3 in Wild-Type and Mutant Animals
Prpf3 is known to be expressed in many tissues, 10 but protein expression levels in different tissues have not been directly compared. We compared the expression levels of Prpf3 in retina, brain, liver, spleen, kidney, intestine, lung, testis, and heart ( Fig. 2A) and found that the levels of Prpf3 protein varied greatly between tissues, with the highest levels in the testis and the next highest in the retina. The level of Prpf3 in the heart was approximately 75% of that detected in retina; in brain, liver, lung, and spleen, the levels were approximately 50% of the amount found in the retina.
To determine whether the presence of the gene trap vector decreased the level of Prpf3 transcript in our mutant mice, we performed Northern blot analysis on retinal RNA from young (4-week-old) mice using radiolabeled probes against Prpf3 and a loading control (Fig 2B) . After normalizing the Prpf3 signal to the loading control, a 37% (Ϯ19%) (n ϭ 5; t-test ϭ 0.01) reduction of Prpf3 transcript was observed in the Prpf3 ϩ/Ϫ mice compared with Prpf3 ϩ/ϩ mice. Similarly, we measured the expression levels of Prpf3 protein in the retinas of the Prpf3 ϩ/Ϫ mice using Western blotting (Fig 2C) . The 77-kDa Prpf3 band was reduced by 27.5% (Ϯ10.1%; n ϭ 3; t-test ϭ 0.04) in Prpf3 ϩ/Ϫ compared with Prpf3 ϩ/ϩ mice. Similar results were obtained with several anti-Prpf3 antibodies (data not shown).
Pre-mRNA Splicing
We reasoned that if an optimal level of Prpf3 was essential to sustain levels of spliced RNA for abundant transcripts in the retina, we should see lower levels of highly expressed transcripts, such as rhodopsin, when less Prpf3 is present in the retina. We also reasoned that the same could apply to mRNA transcripts for other proteins implicated in RP. We tested this hypothesis by evaluating the levels and sizes of several RP disease gene transcripts in retinal RNA from Prpf3 ϩ/Ϫ and control mice by Northern blot analysis. The mRNAs evaluated include those for rhodopsin (Rho), rod cGMP-gated channel alpha subunit (Cnga1), ATP-binding cassette transporter (Abca4), neural retina leucine zipper (Nrl), rod cGMP phosphodiesterase beta subunit (Pde6b), and retinaldehyde-binding protein 1 (Rlbp1). No differences in the size or amount of any of these transcripts were detected between retinal RNA from Prpf3 ϩ/Ϫ or control mice (Fig. 3) . Even rhodopsin, which is the most abundant transcript in retina, is present at normal levels in the Prpf3 ϩ/Ϫ mouse retina, indicating that processing of this transcript is not limited by the decreased levels of Prpf3.
Retinal Function
We used electroretinography to measure the retinal function of Prpf3 ϩ/Ϫ mice at 9, 18, and 23 months of age. For these analyses, we recorded scotopic a-waves and b-waves (Fig. 4A) to assess rod photoreceptor and bipolar function and photopic b-waves (Fig. 4B) to assess cone responses. All recordings were carried out on dark-adapted Prpf3 ϩ/Ϫ and littermate Prpf3 ϩ/ϩ control mice. No significant differences were found between heterozygous Prpf3 ϩ/Ϫ and littermate control Prpf3 ϩ/ϩ mice at any time up to 23 months of age (Fig. 4) . Representative scotopic traces of 23-month-old Prpf3 ϩ/ϩ and Prpf3 ϩ/Ϫ mice are shown in Figure 4C .
Retinal Morphology and Ultrastructure
Light microscopic analyses showed that the retinal morphology in Prpf3 ϩ/Ϫ mice was normal at all ages tested, including 9 and 23 months (Fig. 5A-D) . The outer nuclear layer was of normal thickness, with 10 layers of nuclei present in Prpf3 ϩ/ϩ and Prpf3 ϩ/Ϫ mice. The outer segments of the rod photoreceptors were of normal length, and the RPE was intact. The inner nuclear layer also appeared to be normal.
The ultrastructure of the RPE and photoreceptors in Prpf3 ϩ/Ϫ mice was also normal (Figs. 5E-L) . The RPE-photoreceptor interface was comparable between Prpf3 ϩ/ϩ and Prpf3 ϩ/Ϫ mice (Figs. 5E, 5I), the outer segment discs were stacked in an orderly fashion along the length of the photoreceptors (Figs. 5F, 5J) , the inner segments appeared healthy and have normal numbers of mitochondria (Figs. 5G, 5K ), and the outer nuclear layer nuclei were comparable between the two groups (Figs. 5H, 5L) . 
Mutant Prpf3 Zebrafish
To study the effect of Prpf3 deficiency in another model system, we obtained the prpf3 insertional mutant zebrafish line prpf3 hi2791Tg as a gift from Nancy Hopkins. 24 The mutant fish were outcrossed onto the Tupfel long-fin wild-type strain, and fish identified as heterozygous (prpf3 ϩ/Ϫ ) for the mutation by PCR assay were intercrossed. We verified that prpf3 expression was decreased by Northern blot analysis of prpf3 ϩ/ϩ compared with prpf3 ϩ/Ϫ fish using a probe against zebrafish prpf3. A decrease of approximately 40% in the prpf3 transcript can be seen in the prpf3 ϩ/Ϫ lane compared with the wild-type lane using the 18S and 24S bands as loading controls (Fig. 6A) . Homozygous prpf3 Ϫ/Ϫ fish exhibited decreased head size and curled bodies and died by 4 days postfertilization (dpf), as described previously 24 (Figs. 6B, 6C ). Microscopic analyses of retinal structure at 2dpf showed that the prpf3 ϩ/ϩ fish had more advanced retinal development than the prpf3 Ϫ/Ϫ fish at this age (Figs. 6D, 6E) . The wild-type retinas had the beginnings of laminae at this time, whereas the prpf3 Ϫ/Ϫ retinas had many pyknotic nuclei. No differences in retinal structure were detected in the prpf3 ϩ/Ϫ fish at 4 days or 12 months of age (Figs. 6F-I ). For example, at 12 months of age, normal amounts of rod and cone photoreceptor nuclei were present in the prpf3 ϩ/Ϫ retinas (Figs. 6H, 6I ).
DISCUSSION
The results described here show that complete lack of Prpf3 resulted in embryonic lethality in mice and zebrafish, demonstrating that Prpf3 is required for the viability of fish and mammals. The retinas of 2dpf homozygous prpf3 Ϫ/Ϫ zebrafish demonstrated delayed retinal development and extensive cell death, suggesting that prpf3 plays an especially important role in this tissue. Prpf3 expression is highest in testis and retina, consistent with this idea. In contrast to the homozygotes, heterozygote knockout animals are phenotypically normal, with no changes in splicing noted and no evidence of photoreceptor degeneration or other abnormalities. These observations may be a consequence of compensation by the normal allele in heterozygous animals, suggesting the existence of a feedback mechanism for the expression of Prpf3. These results suggest that the T494M and P493S mutations in PRPF3, which cause the retinal degeneration RP18, alter rather than prevent 3. Pre-mRNA splicing. We directly compared mRNAs from Prpf3 ϩ/ϩ and Prpf3 ϩ/Ϫ mouse retinas to look for alterations in splicing efficiency. We analyzed the amount of rhodopsin and several other RP disease gene transcripts using Northern blotting. As loading control, the 28S and 18S bands are shown, as is the 36B4 probe. No difference in the size or amount of any transcript examined has been found to date. Rho, rhodopsin; Cnga1, rod cGMP-gated channel alpha subunit; Abca4, ATP-binding cassette transporter; Nrl, neural retina leucine zipper; Pde6b, rod cGMP phosphodiesterase beta subunit; Rlbp1, retinaldehyde binding protein 1.
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the function of PRPF3, and they indicate that haploinsufficiency is not the disease mechanism for RP18. The Prpf3 protein has long been known to be essential for spliceosome integrity in yeast, and it is required for RNA splicing to occur. 4 Here we show that the Prpf3 protein is also essential for life in vertebrates. The Prpf3 gene trap mice are homozygous embryonic lethal before embryonic day 14, demonstrating that Prpf3 is important at very early stages of development. This finding is comparable to several other splicing factor knockout mice that die early in development. [33] [34] [35] [36] [37] The zebrafish knockout model confirms this, with death by 4dpf. We presume that in both the Prpf3 Ϫ/Ϫ mice and the zebrafish, embryonic death resulted from a lack of spliced RNA transcripts. Although transcription is activated starting at 3 hours after fertilization in zebrafish embryos, the survival of the prpf3 Ϫ/Ϫ fish to 4dpf is not surprising because maternal mRNA and protein contribute to development for several days. 38 -40 The use of the mutant zebrafish was valuable because it allowed for evaluation of early retinal development in homozygous prpf3 Ϫ/Ϫ fish. At 2dpf, the prpf3 Ϫ/Ϫ fish demonstrated defects in retinal development, with less organized retinal layers than control fish (Fig. 6) . The disorganization of the prpf3 Ϫ/Ϫ retinas might have resulted from the widespread cell death seen in the retina. The fact that the eyes are not as well developed supports the hypothesis that Prpf3 is especially important for the growth and maintenance of this tissue. Indeed, our analysis shows that there is more Prpf3 protein in the retina than all other organs tested except for the testis, underscoring its importance for retinal maintenance.
It is possible that the abundance of Prpf3 protein in the retina partially explains the retina-specific phenotype observed in persons with mutations in the PRPF3 gene. The flaw in this argument, however, is that male Prpf3 ϩ/Ϫ mice do not appear to have any alterations in testis structure (data not shown) and are fertile. Similarly, men with RP18 disease have not been reported to have defects in fertility. 41 The extent of the decreased expression of Prpf3 in the heterozygous knockout mice is approximately 30%, indicating compensation from the normal allele. This is a common finding among animals hemizygous for essential genes and can occur at both the mRNA and the protein levels. 42, 43 The mechanisms for this compensation are thought to include increased transcription or translation of the remaining allele or decreased degradation of transcript or protein, implying the existence of a feedback regulatory mechanism for the expression of Prpf3.
The decrease in Prpf3 expression observed in the Prpf3 ϩ/Ϫ mice is consistent and reproducible at the RNA and the protein levels. Despite the decrease in Prpf3, our data show that the mouse retina remains able to efficiently splice mRNA. We show that the splicing of the most abundant RNA transcript in the retina, rhodopsin, does not appear to be altered in heterozygous knockout mice. This is in contrast to at least one study of mutant Prpf31, which was found to inhibit splicing of Rhodopsin minigenes and to reduce rhodopsin expression in cell culture. 44 Similar results were obtained for the mRNAs from several other retinal disease genes, suggesting that the availability of the Prpf3 protein in the retina is not rate limiting for RNA splicing.
Mice expressing decreased levels of Prpf3 protein do not show retinal degeneration or any other functional phenotype at ages up to 2 years. Several hypotheses explain why decreased levels of Prpf3 do not lead to a degenerative phenotype. One is that the two mutations found in RP18 patients are not loss-of-function mutants but rather lead to a toxic gain of function. Two observations support this hypothesis. One is that there is no evidence for incomplete penetrance of RP18 among patients. 10, 20, 45 The second is the observation that homozygous Prpf3-T494M knockin mice are viable (Graziotto JJ, et al. IOVS 2006; 47 :ARVO E-Abstract 4588). If the T494M mutation did result in nonfunctional protein, we would have expected that mice homozygous for the Prpf3-T494M knockin mutation would also die in utero. Another possibility is compensation by other splicing factors that perform similar functions in the mouse retina. Multiple examples of functional redundancy can be seen in mouse models. For instance, mutations in the doublecortin gene in humans lead to severe defects in hippocampal development. In mice, however, doublecortin and doublecortin-like kinase 1 must be knocked out before a similar effect is seen, indicating partial redundancy of these two genes. 46 A third possibility is that biological differences between the mouse eye and the human eye make it difficult to model splicing factor RP in mice. For instance, mice have a much shorter lifespan than humans and live to only approximately 2 years of age, yet vertebrate photoreceptor outer segments turn over at a similar rate-every 9 to 12 days-in both. 47, 48 At this rate, a mouse photoreceptor nearing the end of its 2-year lifespan will have completely turned over its outer segment approximately 70 times, but a human photoreceptor aged 20 years will have completed this process 700 times. Therefore, in absolute terms, mice may not live long enough for a given photoreceptor disease process to mimic the human form.
The gene trap approach for the generation of knockout mice, combined with the international consortia developed to characterize and archive the resultant embryonic stem cell lines, has clearly created a valuable resource for biomedical research. 49 Not all gene trap mouse lines, however, develop a phenotype. For instance, a recent study involving a gene trap Mhy9 allele, a gene involved in inherited hearing loss, found that despite 50% less mRNA of Mhy9 in heterozygotes, no hearing phenotype could be found, whereas homozygotes were embryonic lethal. 50 Therefore, conditional targeting techniques may be needed to obtain a homozygous knockout phenotype in a specific tissue in which the germ line knockout mutation is lethal in early embryos. However, given the essential nature of Prpf3 for cell viability, Prpf3 conditional knockout mice may not offer any further insight into RP18 because the photoreceptors that lack Prpf3 would die in the complete absence of Prpf3 protein, a mechanism our observations suggest is not the underlying cause of RP18. Consistent with this idea, knocking Prpf3 down in ARPE-19 or HeLa cells results in 50% loss of cells by 4 days and 90% cell death by 8 days after transfection relative to cells transduced with control vector. 51 Recent evidence also indicates that mutant forms of Prpf3, when overexpressed, may form aggregates under some conditions, potentially reinforcing the idea that the mutations are toxic. 52 In conclusion, these studies suggest that though Prpf3 is developmentally important in vertebrates, it plays an especially important role in retina, which is evident from the increased retinal cell death in the zebrafish mutants. The high level of expression in this tissue supports this idea and may be directly related to the disease mechanism of RP18, but through a toxic effect of the T494M and P493S mutations rather than through haploinsufficiency. This is consistent with the dominant nature of disease inheritance. Future studies should therefore focus on the effects these two mutations have on pre-mRNA processing or of the behavior of Prpf3 in the retina. Information gained from these studies could have direct relevance for designing therapies for RP18 and other splicing factor forms of RP.
